ABSTRACT: A mathematical model was developed to investigate the impact of level of Teladorsagia circumcincta larval pasture contamination and anthelmintic treatment on genetic parameter estimates for performance and resistance to parasites in sheep. Currently great variability is seen for published correlations between performance and resistance, with estimates appearing to vary with production environment. The model accounted for host genotype and parasitism in a population of lambs, incorporating heritable between-lamb variation in host-parasite interactions, with genetic independence of input growth and immunological variables. An epidemiological module was linked to the host-parasite interaction module via food intake (FI) to create a grazing scenario. The model was run for a population of lambs growing from 2 mo of age, grazing on pasture initially contaminated with 0, 1,000, 3,000, or 5,000 larvae/kg DM, and given either no anthelmintic treatment or drenched at 30-d intervals. The mean population values for FI and empty BW (EBW) decreased with increasing levels of initial larval contamination (IL 0 ), with non-drenched lambs having a greater reduction than drenched ones. For non-drenched lambs the maximum mean population values for worm burden (WB) and fecal egg count (FEC) increased and occurred earlier for increasing IL 0 , with values being similar for all IL 0 at the end of the simulation. Drenching was predicted to suppress WB and FEC, and cause reduced pasture contamination. The heritability of EBW for non-drenched lambs was predicted to be initially high (0.55) and decreased over time with increasing IL 0 , whereas drenched lambs remained high throughout. The heritability of WB and FEC for all lambs was initially low (~0.05) and increased with time to ~0.25, with increasing IL 0 leading to this value being reached at faster rates. The genetic correlation between EBW and FEC was initially ~−0.3. As time progressed the correlation tended towards 0, before becoming negative by the end of the simulation for non-drenched lambs, with increasing IL 0 leading to increasingly negative correlations. For drenched lambs, the correlation remained close to 0. This study highlights the impact of IL 0 and anthelmintic treatment on genetic parameters for resistance. Along with factors affecting performance penalties due to parasitism and time of reporting, the results give plausible causes for variation in genetic parameter estimates previously reported.
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INTRODUCTION
Gastrointestinal parasitism in grazing lambs adversely affects animal performance and welfare, and causes signifi cant production losses for the sheep industry (Nieuwhof and Bishop, 2005) . Current treatment of parasitism relies heavily on the use of anthelmintics; however, the development of anthelmintic resistance is an increasing concern (Jackson, 2008) . Breeding for host resistance to nematodes is an alternative control strategy, supported by evidence of heritable variation for fecal egg count (FEC; Bishop and Morris, 2007) and by results from selection in practice (Kemper et al., 2010) .
Commercial breeding programs for resistance require knowledge of genetic parameters for host resistance and production traits, such as heritabilities and genetic correlations between traits. Whilst heritabilities for FEC and BW are relatively consistent (e.g., 0.2 to 0.4), estimates of genetic correlations between FEC and BW are variable, ranging from −0.8 (Bishop et al., 1996) to +0.4 (McEwan et al., 1992 (McEwan et al., , 1995 . Variation observed in such correlations may be due to interactions between host genetic resistance and the environment, including parasite epidemiology. Knowledge of how these interactions affect the estimates of genetic parameters is therefore desirable for designing appropriate multi-trait breeding strategies. Gaining this information experimentally is expensive and time consuming. However, exploring such interactions using appropriate mathematical tools may provide insights into how disease epidemiology and treatment protocols infl uence estimates of genetic parameters for host resistance and production.
The aim of this study was to use an in silico model to explore epidemiological effects (e.g., level of pasture larval contamination) and anthelmintic input on the estimates of genetic parameters for a population of grazing lambs. The hypothesis was that both will strongly infl uence the direction and magnitude of the correlation between production and resistance traits.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no animals were used.
A previously published model (Laurenson et al., 2011) that accounts for the interactions between host nutrition, genotype, and gastrointestinal parasitism in individual lambs was extended to a population of animals, incorporating heritable between-lamb variation in hostparasite interactions. Further to this, a simple epidemiological module was developed to model the free-living stages of the parasite, with host ingestion of infective larvae linked to food intake (FI) to create a grazing scenario.
A brief description of the individual lamb model is given, as well as some necessary modifi cations to the published model. A more in-depth explanation of how the individual lamb model was extended to a population of animals, the epidemiological module, and the incorporation of anthelmintic drenching protocol is detailed. 
Individual Lamb Model
A schematic diagram describing the structure of the individual lamb model is provided in Figure 1 . Briefl y, we assume the growing lamb attempts to ingest suffi cient nutrients to meet requirements for desired growth and maintenance. Infection with gastrointestinal parasites is expected to result in endogenous protein loss (a function of larval challenge and worm burden). Consequently, the lamb invests in an immune response to reduce the impact of parasitism, and this investment itself has a resource (e.g., protein) cost. However, components of the acquisition of immunity (e.g., cytokines) cause a reduction in FI (Greer et al., 2005; Kyriazakis, 2010) , commonly known as anorexia. This reduction in FI, which was modeled as a direct function of the rate of acquisition of immunity (Laurenson et al., 2011) , results in the animal ingesting insuffi cient nutrient resources to fulfi ll requirements for maintenance and growth. Ingested protein, after the loss due to parasitism, is assumed to be fi rst allocated to meet the maintenance requirements of the animal and remaining protein is allocated towards production and immunity proportional to requirements.
The acquisition of immunity was assumed to be a sigmoidal function of cumulative larval presence in the gastrointestinal tract summed across time, rather than exposure to infective larvae as modeled previously (Laurenson et al., 2011) , as this better captures larval population dynamics particularly with interventions such as anthelmintic treatment. The corresponding functions used to describe the host immune response are given in a later section of this paper.
Population Model
Between-animal variation was modeled according to Vagenas et al. (2007a) and was assumed to occur for the growth attributes, maintenance requirements, and immune response of the animal to gastrointestinal parasites.
Variation in Growth. The growing lamb was described by the initial fl eece-free empty BW (EBW 0 ) and the expected protein and lipid mass at maturity (Pm and Lm, respectively). Growth was driven by body protein and lipid retention, with expected growth rates being estimated as (Emmans and Kyriazakis, 1997, 1999) :
where dP/dt = expected rate of protein retention (kg/d), dL/dt = expected rate of lipid retention (kg/d), P = current body protein mass (kg), L = current body lipid mass (kg), 
Differences in EBW 0 at weaning (2 mo of age), together with differences in the parameters P m and L m , lead to growth rate and fi nal size differences between animals. Thus, these parameters were assumed to be variable and under partial genetic control.
Variation in Maintenance Requirements. The body maintenance requirements for protein (P maint , kg/d) and ME (ME maint , MJ/d) were estimated by Emmans and Kyriazakis (2001) as:
where p maint = constant associated with protein requirements for maintenance and e maint = constant associated with energy requirements for maintenance (Emmans, 1994) . Variation in the parameters p maint and e maint signifi es differences in the maintenance requirements for protein and energy. Thus, these input parameters were assumed to vary between animals and to be under partial genetic control (Knap and Schrama, 1996) .
Variation in Immune Response. The immune response is represented by the host-controlled traits of establishment (ε), mortality (η) and fecundity (F). The functions used to describe these traits were given as (adapted from Louie et al., 2005) :
where ε max , η max , and F max = maximum ε, η, and F rates, respectively; ε min , η min , and F min = minimum ε, η, and F rates, respectively; t LP ∑ = cumulative larval population present in host; K ε , mi, and fi = rate constants for ε, η, and F, respectively. The lambs were initially naïve to gastrointestinal parasites and acquired immunity as a function of exposure to the infective larval population resident in the host at a rate determined by Kε, mi, and fi for their respective immunity traits. Subsequently, genetic variation in these rate determining parameters can result in differences in the rate of acquisition of immunity. Further, non-genetic variation in the maxima of traits (ε max , η max , F max ) and the minimum η rate (η min ) was also introduced. The minima for F and ε were set to 0 for all animals (Vagenas et al., 2007a) .
Variation in Food Intake. In addition to variation in traits related to performance and resistance, random environmental variation in FI (SFI) was assumed to refl ect the infl uence of external factors controlling FI not accounted for explicitly by the model. Due to the correlation between growth and FI tending towards unity in this model, a daily random environmental deviation was added to the expected FI for each animal to achieve a more realistic genetic correlation between FI and growth rate of approximately 0.8 (Cammack et al., 2005) .
Parameter Values and Distributions. The model was parameterized such that lamb growth was similar to that of typical breeds grazing British upland and hill pastures (e.g., Blackface), and so that parasitological parameters matched those of Coop et al. (1982) . Parameter (mean) values were largely the same as those presented by Laurenson et al. (2011) , except that the maximum allowable daily protein loss due to parasitism was increased to 100 g to bring the predicted parasite-induced reductions in growth rate in line with the published values (Coop et al., 1982) . The actual average daily protein loss predicted by the model was between 14 and 27 g.
The properties of each trait with between-host variation were specifi ed by the μ, the heritability (h 2 ), and the CV for each trait (Table 1) . Estimates for the μ, CV, and h 2 of input parameters were chosen to match those of Bishop et al. (1996) and Bishop and Stear (1997) . It was assumed that all input parameters were normally distributed. As such, predictions for performance traits were normally distributed. However, whilst the immunity related traits were initially normally distributed, as individual lambs developed and expressed immunity, the output traits such as worm burden (WB) and FEC became skewed, matching the over-dispersion described by Bishop and Stear (1997) .
All traits, other than the rate-determining parameters associated with immune acquisition, were assumed to be uncorrelated (Doeschl-Wilson et al., 2008) . However, the acquisition of immunity was assumed to be a function of overlapping effector mechanisms for ε, η, and F (components of T helper 2 cell immune responses). Thus, the rate-determining parameters (Kε, mi, fi ) were assumed to be strongly genetically and phenotypically correlated (r = 0.5).
Individual Animal Phenotypes. As described by Vagenas et al. (2007a) , animals were simulated within a pre-defi ned population structure comprising founder animals, for which breeding values were simulated, and their progeny, for which genotypes and phenotypes were created. Each founder animal had a breeding value A i for each genetically controlled input trait, sampled from a N(0, 2 A σ ) distribution, where the genetic variance (
is given by the model inputs for the heritability (h 2 ) and phenotypic variation ( σ ) distribution (Falconer and Mackay, 1996) . A Cholesky decomposition of the variance-covariance matrix for correlated traits was used to generate the covariances between the breeding values of the animals and also between their residual components (see below). The phenotypic value (P i ) for each of the underlying traits was given by: where μ is the population mean for the trait, A i is the additive genetic deviation of the ith individual, and E i is the corresponding environmental deviation sampled from a normal distribution N[0,
Epidemiological Module
Pasture. The pasture was initially defi ned by the number of hectares (H; Table 2) that the lamb population was grazing. The grass available (G, kg DM) for grazing was then calculated using a defi ned initial quantity of grass per hectare (GPH, kg DM/ha). Each day, the grass available was updated to take into account consumption by the lamb population and new grass growth. As such, G was estimated for day t as:
where FI ∑ = total food intake of lamb population (kg DM), and GR = grass growth (kg DM/ha; Table 2 ). Larval Contamination of Pasture. To create starting conditions, it was assumed that the initial larval contamination of pasture (IL 0 ) arose from a ewe population which was removed from the pasture at lamb weaning (2 mo) and was defi ned by an initial population of eggs and infective larvae (larvae/kg DM). For simplicity, this initial egg contamination of the pasture was modeled such that the number of infective larvae developing on pasture was equal to the number of larvae consumed by the lamb population for the fi rst 7 d, this being the time taken for eggs to develop to infective larvae (TEI, d; Young et al., 1980) . Subsequently, infective larvae arose only from eggs excreted onto pasture by lambs. Infectious larvae, irrespective of their source, were assumed to have a mortality rate (MR; Table 2 ).
Larvae ingested by lambs during grazing, develop into adult worms after 14 d (corresponding to the fi rst day at which eggs are present in the feces; Coop et al., 1982) . Adult female worms produce eggs that are excreted in the feces of the lamb; after developing to infective larvae (TEI, above), these contribute to the larval contamination of the pasture (LC). Larval contamination arising from recontamination by grazing lambs is therefore given as:
where LI ∑ = total larval intake of lamb population, E ∑ = total egg output of lamb population, and PEI = proportion of eggs developing to infective larvae, Table 2 . Linking Larval Intake to Food Intake. Lambs were assumed to graze randomly across the pasture, thus leading to an equal expected larval intake (LI, larvae) linked to FI (kg DM). The LI of any lamb can be determined from its FI, the grass available for grazing (G, kg DM), and the total LC (larvae). Thus, LI for any given lamb was given by:
Anthelmintic Drenching. The ability to give anthelmintic drenches to the lamb population at specifi ed days was included in the model. The anthelmintic drench was specifi ed as having a 95% effi cacy against Teladorsagia circumcincta (Sargison et al., 2007) . Each anthelmintic drench was assumed to equally reduce the WB and larval population resident in the host. Further, the oral administration of anthelmintic was assumed to be effective on the day of administration only, with no residual effects (Borgsteede, 1993) .
Simulation Procedure and in silico Experimental Design
The simulated fl ock comprised 10,000 lambs which were assumed to be twins from a non-inbred, unrelated base population of 250 rams, each mated with 20 randomly chosen ewes. The input phenotypes for the lamb population, as described above, are given in Table 1 . Lambs were grazed on a medium-quality pasture (CP = 140g/kg DM, ME = 10MJ/kg DM; AFRC, 1993), at a grazing density of 30 lambs/ha, for a time period of 4 mo from weaning to 6 mo of age.
The lambs were assumed to be initially naïve, and the IL 0 was set to either control (clean), 1,000, 3,000, or 5,000 T. circumcincta larvae/kg DM. Lambs initially ingest around 1 kg DM/d and thus these levels correspond to the trickle challenge levels chosen by Coop et al. (1982) that led to subclinical infections. Further, the lamb population was either given no anthelmintic drench or drenched at 30-d intervals (d 30, 60, and 90) aimed at achieving suppressive nematode control, representing the 2 extremes of commercial practice (Sargison et al., 2007) . Performance traits [empty body weight (EBW, kg) and FI], parasitological traits (FEC and WB), and epidemiological traits (average LC, larvae/kg DM) were recorded on a daily basis. The parasitological traits of WB and FEC were log transformed for the calculation of genetic parameter estimates. Genetic variances and covariances of the model output traits, and hence heritabilities and genetic/phenotypic correlations, were estimated from a linear mixed model, fi tting sire as a random effect. From these outputs it was possible to assess the impact of IL 0 and anthelmintic treatments on trait means, on the genetic parameter estimates for the population of growing lambs, and to observe the evolution of parameters across time.
RESULTS

Frequency Distributions of Output Traits
Output performance traits were normally distributed at all times. For example, the means (and SD) for EBW were 21.3 (2.5), 31.2 (2.8), 41.5 (3.1), and 51 (3.5) kg at d 30, 60, 90, and 120 post infection, respectively, for lambs grazing on a clean (uncontaminated) pasture.
Although input parameters associated with host resistance were normally distributed, output FEC ( Figure 2 ) and WB (results not shown) were skewed. The skewness of the FEC (and WB) distributions changed over time, becoming progressively right-skewed as the animals became immune, in agreement with fi eld data (Bishop et al., 1996) .
Performance Traits
Mean population values for EBW and FI are given in Figure 3 . The average FI over the entire simulated period for the clean pasture was predicted to be 1.96kg/d, whereas the average FI for lambs grazed on pasture with an IL 0 of 1,000, 3,000, and 5,000 larvae/kg DM was predicted to be reduced in comparison with the control group by 13%, 18%, and 21%, respectively, for non-drenched lambs, and 11%, 12%, and 14%, respectively, for drenched lambs. LC determined LI and the rate of acquisition of immunity, consequently leading to reductions in FI. Thus, increased levels of LC led to increased reductions in FI. The reduction in FI was less for drenched lambs than for non-drenched lambs because of the reduction in larval population and subsequently a reduced rate of acquisition of immunity.
Empty BW at the end of the simulation also showed similar predicted reductions for the varying IL 0 level. EBW predicted for lambs grazing on pasture with an IL 0 of 1,000, 3,000, and 5,000 larvae/kg DM were reduced in comparison with the control group by 13%, 19%, and 23%, respectively, for non-drenched lambs, and 7%, 9%, and 11%, respectively, for drenched lambs. For nondrenched lambs, reductions in EBW followed reductions in FI, with the added impact of protein loss due to parasitism. For drenched lambs, the reduction in EBW was less than the reductions predicted for FI. This was due to a decrease in the nutrient requirements for the functions associated with parasitism.
Parasitological Traits
Mean population values for WB and FEC are given in Figure 4 . For the non-drenched lambs, the maximum predicted WB increased and occurred sooner for increasing IL 0 . The maximum average WB (and day of maximum) were 52,645 (84 d), 59,878 (70 d), and 71,383 (64 d) for the IL 0 levels of 1,000, 3,000, and 5,000 larvae/ kg DM, respectively. Maximum predicted FEC, and day of maximum, followed a similar pattern. The maximum average FEC (and day of maximum) were 482 (61 d), 666 (49 d), 937 (30 d) eggs/g DM for the IL 0 levels of 1,000, 3,000, and 5,000 larvae/kg DM, respectively. Increased average LC led to increased LI and subsequently increased WB and FEC; however, the increased rate of acquisition of immunity led to earlier predicted days of maxima for WB and FEC.
For the drenched lambs, the WB and FEC were the same as the non-drenched lambs until fi rst drenching, whereupon WB and FEC dropped dramatically. WB and FEC increased again 14 d after each anthelmintic administration, coinciding with the infective larvae maturation time. For the fi rst 74 d of the simulation, predictions for WB and FEC increased with increasing IL 0 . Subsequently, there was a tendency for this pattern to be reversed, as acquisition of immunity was slower on pastures with lower IL 0 .
Pasture Larval Contamination
Predictions for average LC (larvae/kg DM) are given in Figure 5 . As modeled, average LC fell slowly for the fi rst 7 d, whilst larvae deposited by the ewes were still developing, then decreased more rapidly until new larvae were observed on pasture from d 21 onwards, whereupon average LC increased rapidly. The maximum predicted Figure 3 . Mean production traits of 10,000 lambs grazing on medium-quality pasture initially contaminated with either control (solid), 1,000 (long-dash), 3,000 (shortdash), or 5,000 (dotted) Teladorsagia circumcincta larvae per kg DM grass. Production traits given are empty body weight (a) and food intake (b) for non-drenched lambs and empty body weight (c) and food intake (d) for drenched lambs.
average LC (and day of maximum) for non-drenched lambs were 4,978 (83 d), 5,762 (67 d), and 6,977 (57 d) larvae/kg DM for IL 0 levels of 1,000, 3,000, and 5,000 larvae/kg DM, respectively. Lambs grazing on pasture with lower levels of IL 0 took longer to acquire immunity than lambs grazing on higher levels, and hence had a delay before average LC decreased. Ultimately, LC levels were becoming rather similar at the end of the simulation period regardless of IL 0 .
For drenched lambs, average LC was reduced 7 d after the administration of each anthelmintic drench, this . Pasture larval contamination (larvae/kg DM) for medium-quality pasture initially contaminated with either 1,000 (long-dash), 3,000 (short-dash), or 5,000 (dotted) Teladorsagia circumcincta larvae per kg DM grass, for non-drenched lambs (a) and drenched lambs (b).
being the time taken for eggs to mature to infective larvae, and continued to fall for a period of 14 d.
Heritabilities
The h 2 for EBW and log transformed WB and FEC are given in Figure 6 . The h 2 of EBW for the control group remained relatively constant at around 0.55 throughout the simulation, with the initial value (0.53) differing from the input value of 0.5 simply as a function of sampling from random distributions. However, h 2 of EBW for non-drenched lambs grazing contaminated pasture tended to fall with age, reaching minimum values of 0.36, 0.29, and 0.27 for IL 0 of 1,000, 3,000, and 5,000 larvae/kg DM, respectively. For drenched lambs, the h 2 of EBW remained high, never declining below 0.47 for all levels of IL 0 . The h 2 of EBW is a function of both the intrinsic genotype for EBW and the host genotype associated with resistance to parasites. The latter affects EBW through the acquisition of immunity leading to the realized WB levels and the associated production penalties. For the control group, the host resistance genotype Figure 6 . Heritabilities of empty body weight (a), ln(worm burden+1) (b) and ln(fecal egg count+1) (c) for non-drenched lambs and empty body weight (d), ln(worm burden +1) (e) and ln(fecal egg count + 1) (f) for drenched lambs grazed on medium-quality pasture initially contaminated with either control (solid), 1,000 (long-dash), 3000 (short-dash) or 5,000 (dotted) Teladorsagia circumcincta larvae per kg DM grass. FEC = fecal egg count (eggs/g DM).
has no impact on the heritability of EBW, and consequently this parameter remained high (0.55). However, for non-drenched lambs, the host resistance genotype had a large impact on the h 2 of EBW and led to the reduced values reported above. For drenched lambs, due to the decreased impact of parasitism, the host resistance genotype had a lesser impact on the h 2 of EBW, and thus this parameter remained high (0.47).
Estimates of h 2 for log transformed WB and FEC were initially close to 0, but increased over time as genetic differences in immunity became more apparent. Final estimates for WB and FEC were around 0.25, with increasing levels of IL 0 resulting in this value being reached at slightly faster rates. For drenched lambs, a rapid increase in h 2 is predicted at time intervals approximating the anthelmintic drenching protocol. The reduced WB after drenching causes a reduction in the impact of host resistance genotype on the h 2 of both WB and FEC. The new WB after drenching is more strongly infl uenced by FI, which, as a function of EBW, is highly heritable. Thus the heritabilities of WB and FEC tend to rise abruptly after anthelmintic drenching.
Genetic Correlations
Estimated genetic correlations between EBW and log transformed WB and FEC are given in Figure 7 . For non-drenched lambs, the estimated genetic correlation between EBW and log transformed WB was initially close to 1; however, this is essentially an artifact of the starting conditions of the simulation with larger animals having a greater initial FI and LI, leading to a greater WB. As lambs acquired immunity, the estimated genetic correlations fell and ultimately became negative, leading to ultimate correlations of −0.28, −0.47, and −0.55, respectively, for the non-drenched lambs grazing pastures with an IL 0 of 1,000, 3,000, and 5,000 larvae/kg DM, respectively.
The use of anthelmintics to control WB reduced the impact of parasitism and consequently broke the relationship between EBW and WB. Thus, at the end of the simulation, the estimated genetic correlations between EBW and log transformed WB was close to 0 ( Figure 7) .
Patterns of genetic correlation of log transformed FEC with EBW differed from those for WB, as FEC is scaled by fecal output, and is hence partially corrected for the effect of FI and body size. In these results, the correlations were initially between −0.3 and −0.4 for all levels of IL 0 . As WB Figure 7 . Estimated genetic correlations between empty BW and ln(worm burden+1) (a) and empty BW and ln(fecal egg count+1) (b) for non-drenched lambs and empty BW and ln(worm burden + 1) (c) and empty BW and ln(fecal egg count + 1) (d) for non-drenched lambs. Lambs were grazed on mediumquality pasture initially contaminated with either 1,000 (long-dash), 3,000 (short-dash), or 5,000 (dotted) Teladorsagia circumcincta larvae per kg DM grass. EBW = empty BW (kg), WB = worm burden (number of adult worms), FEC = fecal egg count (eggs/g DM).
and FEC rose, so did the protein loss due to parasitism, and due to the initial link between EBW and WB mentioned above, this led to larger reductions in the growth rate for lambs with higher EBW than those with smaller EBW. Thus, the genetic correlation between EBW and FEC during this period tended towards 0. As the acquisition of immunity progressed, the immune responses of the genetically more resistant hosts were increasingly able to reduce WB, FEC, and protein loss due to parasitism, therefore increasing the growth rate and causing the genetic correlations between EBW and FEC to become increasingly negative. For nondrenched lambs, the genetic correlations reached values of −0.44, −0.65, and −0.73 for IL 0 of 1,000, 3,000, and 5,000 larvae/kg DM, respectively, at the end of the simulation, suggesting apparently benefi cial consequences of host resistance under the scenarios simulated.
The impact of WB on EBW through protein loss due to parasitism is well illustrated in the genetic correlations predicted between EBW and FEC for drenched lambs. In this case, the suppression of WB (and FEC) using anthelmintic drenching reduced protein loss due to parasitism and therefore removed the benefi cial consequences of resistance. Thus, for the drenched lambs, the estimated genetic correlations remained closer to 0.
DISCUSSION
Due to the reduced effi cacy of anthelmintics in controlling gastrointestinal parasitism, breeding for host resistance to nematode parasites has become an attractive alternative . However, commercial sheep breeding programs are likely to be complex, including production goals (e.g., increased BW at slaughter) in the selection objectives as well as host resistance to nematodes. To design appropriate breeding strategies, genetic parameter estimates are required for the individual traits; this includes h 2 as well as the correlations between traits. Knowledge of such genetic parameters would enable selection indices to be created, combining different traits to fi nd the optimal strategy for improving both performance and resistance traits.
Current genetic parameter estimates for traits describing host resistance are variable due to many factors which may include host resistance genotype, nutritional environment, the intensity of infection, and environmental factors affecting the prevalence of parasites (Coop and Kyriazakis, 1999) . Heritability estimates for BW of parasitized sheep are generally moderate in magnitude and range from 0.15 to 0.40 (Safari et al., 2005) . Similarly, h 2 estimates for FEC range between 0.2 and 0.4 (reviewed in Safari and Fogarty, 2003; Bishop and Morris, 2007) , with a mean h 2 for FEC of 0.27 (Safari et al., 2005) . However, greater variability is seen for the genetic correlation between FEC and BW, and this parameter appears to vary according to production environment as well as level and species of parasite challenge. Published values from European studies have tended to be negative and strong, for example up to −0.8 in Scottish Blackface lambs (Bishop et al., 1996) and −0.6 in Polish lambs (Bouix et al., 1998) . However, under New Zealand and Australian conditions, strong correlations are seldom seen, with values generally between 0 and −0.3 (e.g. Bisset et al., 1992; Douch et al., 1995; Eady et al., 1998; Pollott and Greef, 2004) . However, slightly positive (i.e. unfavorable), correlations have also been reported (e.g. McEwan et al., 1992 McEwan et al., , 1995 Greeff and Karlsson, 1998; Morris et al., 2000) . These genetic parameter estimates have differing implications for the predicted direction and rate of genetic progress. Negative correlations describe the situation where lower FEC is associated with higher BW (i.e., a favorable relationship), and positive correlations imply an unfavorable relationship between FEC and BW. As such, for effective use within breeding strategies, it is important to understand how differing environmental factors affect genetic parameter estimates and predict the consequences of selection. In the present paper, we used a novel in silico mathematical model to investigate the impact of both the level of LC and anthelmintic input on the estimates of genetic parameters, with the expectation that both will strongly infl uence the direction and magnitude of the correlation between production and host resistance traits.
Previously, Bishop and Stear (1999) used a mathematical model to investigate the impact of level of infection on genetic parameter estimates for host resistance and performance traits. However, this model did not fully account for interactions between host resistance and the development of immunity, and did not include parasite-induced anorexia. A recently published parasite-host interaction model of individual lambs (Laurenson et al., 2011) provided the basis for the current model that accounted for the above interactions (i.e., for animal genotype characteristics for growth and resistance, the acquisition of immunity, and the impacts of parasitism on production traits). Further, this model was fl exible enough to allow for the necessary alterations needed to explore the impact of level of LC and anthelmintic drenching on genetic parameter estimates for a population of growing lambs. Additions made to the model included the extension from the individual lamb to a population model, incorporating heritable betweenlamb variation, the inclusion of a simple epidemiological module including the linking of FI to LI to allow for the modeling of a grazing scenario, and the incorporation of an anthelmintic protocol to explore the impacts of treatment. Together, these changes allow prediction of genetic parameters for performance and host resistance traits, and investigation of the impact of external factors such as differing levels of LC or treatment protocols. Thus the cur-rent model, presented here, accounts for many factors omitted from previous models and, as such, is expected to shed further light on the causes of variability in genetic parameter estimates.
The predictions reported here for the h 2 of EBW were higher than previously reported values for BW-related traits (see above). However, it should be noted that these published values are generally for the h 2 of BW, whereas prediction made here are for EBW. Heritability estimates for BW in fi eld studies are subject to measurement sampling error and variation caused by gut fi ll. Such factors would be expected to add noise to measurements, and thus it is not surprising that published values for the h 2 of BW are lower than the predictions for h 2 of EBW made here. Predictions for the h 2 of FEC at the end of the simulation fell within the range of published values (see above). Further, Vagenas et al. (2007b) estimated the h 2 of FEC for Blackface lambs from 2 to 6 mo of age with an anthelmintic drenching protocol similar to that applied here, with values rising from 0.1 at 2 mo of age to 0.4 at 6 mo of age. Whilst the predicted values do not reach the same value at 6 mo, the pattern of rising h 2 over time remains similar.
The comparison of predicted h 2 estimates for WB against published values is constrained by the number of publications reporting this value. Davies et al. (2005) , building on analyses fi rst presented by Stear et al. (1997) , reported the h 2 of WB to be 0.13, whereas Gauly et al. (2002) reported a value of 0.54. With so few published values, and the likelihood of large sampling errors, it is not possible to give an objective comparison with the predicted value from this model of 0.24.
As far as we are aware, no published values are available with which to compare the predicted genetic correlation between EBW and WB. However, there is a plethora of published values for the genetic correlation between BW and FEC. As described above, these estimates range from −0.8 (Bishop et al., 1996 ) to +0.4 (McEwan et al., 1992 ; however, these estimates are often subject to large standard errors, associated with small population size. Final estimates of the genetic correlation between EBW and FEC were predicted in our study to fall within the range of −0.75 (non-drenched lambs) and 0.07 (drenched lambs). These predicted values fall within the range of the published estimates; however, positive values similar to McEwan et al. (1992 McEwan et al. ( , 1995 estimated for sheep with predominantly Trichostrongylus spp. infections were not predicted.
The level of IL 0 had a signifi cant impact on the predictions for the genetic correlation between EBW and FEC. Previously, Bishop et al. (1999) predicted that the estimated genetic correlation became stronger as the IL 0 increased, ranging from −0.16 for drenched lambs grazing on a pasture with an IL 0 of 250 larvae/kg DM to −0.40 for drenched lambs grazing on a pasture with an IL 0 of 4,000 larvae/kg DM. Similarly, for the predictions made here, genetic correlations became stronger with increasing IL 0 , with predictions for drenched lambs being weaker and predictions for non-drenched lambs being stronger than the values predicted by Bishop et al. (1999) . Further, anthelmintic drenching led predictions for the genetic correlation between EBW and FEC to become weaker (i.e., close to 0), in comparison with the non-drenched lambs, because of reduced production penalties caused by parasitism. Similarly Bishop et al. (1999) modeling a 4-wk drenching protocol, predicted that increasing the production penalty led to increasingly negative genetic correlations, with reduced production penalties leading to correlations which tended towards 0. Thus, anthelmintic treatment protocol can potentially have a marked impact on the interpretation of resistance and performance traits within a breeding program as well as the recommended breeding goal.
Comparisons of predictions between drenched and non-drenched lambs highlight the impact of acquisition of immunity in reducing WB, FEC, and altering genetic parameters for these traits, and also go towards explaining the predictions made for pasture contamination. For example, it was predicted that increasing levels of LC led to increasing rates of the acquisition of immunity and consequently faster control of the parasite population. Thus, at the end of the simulation, pasture contaminations were similar for all levels of IL 0 , although the net impact of parasitism differed, being greater with increasing initial parasite challenge. However, it should be noted that the epidemiological aspects of our model were deliberately simple with static parameters unaffected by factors such as light, humidity, temperature, sward/grazing height, and larval migration onto herbage. Including these factors into the epidemiological module will increase its complexity, but it is doubtful that it will affect the magnitude and direction of the predictions.
Whilst differing levels of IL 0 and differing anthelmintic drenching protocols are shown to be a possible cause for variation in genetic parameter estimates, they do not fully account for the variability observed in published values. Most notable among these is the large variability observed for the genetic correlation between EBW and FEC. However, the extreme values reported within the literature may be subject to small population sizes and hence associated with large standard errors. Increasing population size within fi eld experiments would lead to smaller standard errors and hence more robust genetic estimates. Thus it may not be surprising that the extreme values reported within literature were not predicted by our model. However, it should be noted that our model assumed that traits underlying resistance and growth were uncorrelated; altering this assumption can lead to more extreme relationships between EBW and FEC (Doeschl-Wilson et al., 2008) .
The predicted genetic parameter estimates changed over time, generally as a consequence of the accumu-lated production penalties caused by parasitism and the factors that affect this. As such, reported genetic parameter estimates may be infl uenced by the time/age at which the parameters are reported. For example, positive genetic correlations between EBW and FEC may be a result of reporting the correlations at a time when the acquisition of immunity has not progressed suffi ciently to lead to large between-animal differences in the reduction of performance penalties caused by parasitism. As FEC is recorded as an indicator of sheep resistance, between-animal differences in FEC become a better indicator of genetic differences in acquired immunity as time and cumulative exposure to larvae progress.
Lastly, these results give insight into optimal recording and breeding strategies. For example, for the EBV for production (BW) and host resistance (FEC) traits, these results suggests that it may be better to make these assessments under a drenching scenario. This is due to anthelmintic drenching breaking the link between BW and FEC, as shown in the genetic correlations reported here, allowing for each individual trait to be assessed independently. In other words, under these circumstances the EBV for BW of an animal is less likely to be infl uenced by its resistance genotype. However, the use of such EBV for animal selection decisions will then depend entirely on the husbandry protocol used by the breeder. In situations where the use of anthelmintics is minimal (e.g., organic systems or situations with extensive anthelmintic resistance), then the breeder would select on both the production and resistance EBV, using an appropriate selection index, knowing that improved resistance will also increase productivity. Conversely, if extensive anthelmintic usage is appropriate, then the breeder may base selection predominantly on production EBV.
In summary, the aim of this study was to explore the impacts of level of LC and anthelmintic input on the estimates of genetic parameters for a population of grazing lambs. Both were found to substantially infl uence the magnitude of the correlation between production and host resistance traits, with increasing levels of IL 0 leading to increasingly negative (i.e. favorable) correlations and anthelmintic drenching causing weaker correlations to be predicted. Further, other factors affecting genetic parameter estimates were also noted, including factors affecting production penalties caused by parasitism. These fi ndings combined, shed light on the possible causes of variability in the genetic parameter estimates reported within the relevant literature. Further, the results also help to clarify optimal protocols for assessing genotypes for host resistance and production traits and also assist in defi ning appropriate selection strategies for different environments and production systems.
